a Molecular electronics has great potential to surpass known limitations in conventional silicon-based technologies. The development of molecular electronics devices requires reliable strategies for connecting functional molecules by wire-like structures. To this end, diacetylene polymerization has been discussed as a very promising approach for contacting single molecules with a conductive polymer chain. A major challenge for future device fabrication is transferring this method to bulk insulator surfaces, which are mandatory to decouple the electronic structure of the functional molecules from the support surface.
Introduction
On-surface synthesis holds great promise for creating future molecular electronics devices directly on the supporting surface.
1,2
While individual molecules acting, e.g., as rectifiers 3 or switches, [4] [5] [6] have been presented, the connection and contacting of these functional units remain great challenges. Initiating diacetylene polymerization of precursor molecules on surfaces has been recognized as a very promising concept for creating conductive polymer chains to connect functional molecular units. 7, 8 In the bulk, the solid-state polymerization of diacetylene derivatives upon heating or light irradiation has been explained by topochemical 1,4-polymerization. 9 For this reaction, the crystalline arrangement of the precursor monomers has been recognized as being of pivotal importance, as the acetylene units have to be within a distance of no more than 0.4 nm and the molecular backbones of two diacetylene monomers must form an angle close to 451 with respect to the crystal translational vector. 10 On surfaces, suitable precursors have been shown to arrange in a pattern fulfilling the above topochemical requirements. An elegant example of on-surface polymerization initiated by a voltage pulse with the tip of a scanning tunnelling microscope (STM) has been presented by M. Aono and co-worker. 11 In this seminal study, initiation and termination of the chain polymerization with remarkable nanoscale precision have been presented using 10,12-nonacosadiynoic acid monomers on a graphite surface. To date, on-surface diacetylene polymerization has been reported for a large range of systems, including polymerization at the solid-liquid interface 12 as well as in air 11, 13 and under ultra-high vacuum (UHV). 14, 15 The majority of these studies have been carried out using a graphite support. 8, 12, 13, [16] [17] [18] [19] Only a few other substrates have been studied for diacetylene polymerization, including, e.g., Au(111), 14 MoS 2 (0001), 8, 15 hexagonal boron nitride 20 and epitaxial graphene on SiC(0001). 21 Most importantly, no bulk insulator surface has been used so far. In the view of molecular electronics applications, bulk insulator surfaces are highly desired as they offer an easy way for electronic decoupling of the functional molecular structures from the supporting substrate surface. Thus, when aiming for using diacetylene polymerization for creating conductive polymer chains to electrically connect functional units, bulk insulator substrates need to be explored. In this context, calcite has been proven to constitute a very promising substrate 22, 23 with a band gap of 6 eV. 24 In contrast to many other insulator surfaces, the calcite (10.4) surface (Fig. 1a ) exhibits a comparatively high surface energy of 590 mJ m
À2
. 22 Being ionic, the surface offers the possibility of electrostatically anchoring molecules to the calcium cations or carbonate anions. In addition to this, the protruding oxygen atoms of the carbonate groups offer the possibility of hydrogen bonding. Here, we use 3,3 0 -(1,3-butadiyne-1,4-diyl)bisbenzoic acid (3BBA) molecules (Fig. 1b) as precursors for on-surface diacetylene polymerization. We use dynamic atomic force microscopy (AFM) operated under UHV to image the molecular islands that self-assemble upon the adsorption of the precursors onto calcite (10.4) held at room temperature. After irradiation with a mercury lamp or after annealing the substrate to 485 K, a new structure is found that exhibits a row-like shape with an internal periodicity that excellently matches the repeat distance expected for a diacetylene polymer chain. The experimental results are accompanied by density functional theory (DFT) computations revealing molecular-level bonding patterns and energetics of the observed structures. This work thus paves the way towards making use of diacetylene polymerization for molecular electronics applications on a bulk insulator surface.
Methods

Molecule synthesis
3BBA was prepared from commercial 3-iodobenzoic acid, by analogy with literature procedures. [25] [26] [27] After methylation of the carboxylic group, Sonogashira coupling with trimethylsilyl-acetylene gave methyl 3-((trimethylsilyl)ethynyl)benzoate, followed by deprotection by tetra-n-butylammonium fluoride to yield methyl 3-ethynylbenzoate (64% for the two steps). Glaser coupling of the latter gave dimethyl 3,3 0 -(buta-1,3-diyne-1,4-diyl)dibenzoate in 91% yield, which was then saponified by lithium hydroxide followed by acidification to yield 3BBA (54%). See the ESI † for detailed procedures.
Dynamic AFM imaging
For direct imaging of the molecular structures deposited on the surface of the bulk insulator calcite, we used dynamic AFM operated in the so-called frequency modulation mode under UHV (VT AFM from ScientaOmicron, Taunusstein, Germany). We use standard silicon cantilevers (Nanosensors, Neuchâtel, Switzerland), having a typical eigen frequency of 300 kHz and a force constant of 40 N m À1 under UHV. Prior to molecule deposition, a calcite crystal (Korth Kristalle, Altenholz, Germany) was cleaved in situ to prepare a clean (10.4) surface. After cleavage, the crystal is annealed to 640 K in situ, a routine that has been shown to be necessary for high-resolution imaging. The precursor molecules were deposited using a home-built Knudsen cell. Sublimation of sub-monolayers could be achieved with a cell temperature of around 450 K and a sublimation time of 25 min.
Computations
We performed density functional theory (DFT) calculations (T = 0 K) and molecular dynamics (MD) simulations (T a 0 K) using the cp2k program suite. 28 In all computations, the PBE functional 29 was used together with the D3 dispersion correction scheme. 30 The Gaussian Plane Wave Method 31 was used to solve the electronic structure. Core electronic states were modelled with GTH pseudopotentials 32 and the valence electrons were described using molecularly optimized polarized double-z basis functions. 33 The electronic density was described using a plane wave basis with an energy cutoff of 500 Ry. More details can be found in the ESI. †
Results and discussion
Self-assembled structures
First, we investigated the structural arrangement of sub-monolayer coverage of 3BBA deposited onto a freshly cleaved calcite (10.4). As shown in Fig. 2a , the molecules self-assemble into molecular islands with an elongated shape. The apparent height of the islands is 0.6 nm. The long axis of the islands is oriented along the [010] calcite direction. A zoom into an island (Fig. 2b) shows an inner structure with a (1 Â 3) superstructure forming bright rows along the [010] calcite direction. The analysis reveals that the island patterns consist of either an even or odd number of rows. Furthermore, neighbouring rows are of different lengths and defects can be observed within individual rows in Fig. 2a . Together with the size of the precursor molecule, these AFM data suggest that there are two molecules within the (1 Â 3) superstructure unit cell, that is, individual molecules cause the observed bright features.
To obtain a more detailed molecular-level view of the formed structures, we performed DFT calculations and first-principles molecular dynamics (FPMD) simulations. First, we investigated the adsorption of a single 3BBA molecule onto the calcite (10.4) surface. The computations suggest that the preferred adsorption orientation is flat along the surface with both carboxyl (COOH) groups of the molecule forming hydrogen bonds with the calcite carbonate group oxygen atoms (Fig. 3a) . According to the calculations, the adsorption energy is 2.4 eV, in line with room temperature adsorption and earlier calculations with similar molecules on calcite. 34 In a recent investigation, the biphenyl-4,4 0 -dicarboxylic acid molecule, which also anchors to the surface via two COOH groups, was calculated to have several adsorption positions on calcite, all with similar energies. 34 Most probably, 3BBA will also have several stable adsorption geometries with adsorption energies of the order of 2.4 eV. The lateral orientation shown in Fig. 3a is the one we consider most relevant towards the observed self-assembly pattern. However, the flat adsorption geometry adapted by the isolated 3BBA molecule cannot be the orientation of the molecules in the self-assembled pattern: the flat orientation does not fit into the observed 0.5 nm repeat distance along the calcite [010] axis. This suggests that the individual molecules must be tilted upwards (see the ESI †). In the computations, tilted molecular orientation emerges naturally when the molecules are brought close to each other. Fig. 3b shows such an optimized molecular geometry with the observed (1 Â 3) superstructure periodicity, but with half the density, that is, one molecule in the (1 Â 3) superstructure unit cell. Here, the adsorption (or the island formation) energy per molecule is 2.6 eV -there is a small favourable interaction between the molecules. In the optimized geometry, each 3BBA molecule is still forming two hydrogen bonds with the surface. Also, the planes of the two phenyl groups within the molecules form an angle of almost 901 between each other. Finally, in Fig. 3c an optimised molecular structure corresponding to two molecules in the (1 Â 3) superstructure unit cell is shown. In this case the adsorption/island formation energy per molecule is 2.7 eV. Here one of the two molecules in the (1 Â 3) cell has the same bonding pattern as shown in Fig. 3b and the additional molecule is placed at 1.5 unit cell lengths along the [À4À21] calcite direction in relation to the previous. Also the additional molecule is bonding via two hydrogen bonds and retains the rotated carbon ring geometry. The calculated (1 Â 3) superstructure is in excellent agreement with the experiments as is shown in the overlay in Fig. 3d (see the ESI † for more details about the considered structures).
Changes induced by annealing
In order to evaluate whether annealing can induce a structural change, we have stepwise increased the annealing temperature and inspected the surface after annealing. When annealing the molecule-covered substrate at 485 K for 1 h three structural changes were observed as can be seen in Fig. 4a .
The number of islands has decreased and small, roundish clusters have formed that are scattered over the surface (see Fig. 4a ). Most importantly, single stripes oriented along the [010] direction have also formed. These stripes can be up to 60 nm long. Most of them appear to be connected to an island, but also separated stripes can be found. When annealing instead at 520 K for 1 h the described structural changes advance further. Then, fewer islands are found while more clusters and even longer stripes are formed. After annealing at 555 K for 1 h, the islands disappear completely and only clusters and stripes are present on the surface (see ESI †). The fact that the stripes are more stable upon annealing than the islands indicates a stronger molecule-molecule interaction within the stripes as compared to the island structure. These results suggest a covalent linkage of the precursors leading to a one-dimensional structure of superior thermal stability as compared to the self-assembled islands.
From the high-resolution image of a single stripe (Fig. 4b) , a periodic structure in the [010] direction with a repeat distance of 0.5 nm, in accordance with the calcite surface, can be determined. This is a strong indication for a successful diacetylene polymerization of the precursors on the (10.4) surface of calcite. To follow this hypothesis, we performed DFT computations starting with the calculated island geometries. We identified several polymerized covalently bonded structures with a 0.5 nm repeat distance along the [010] calcite direction. The most stable polymerized structure is shown in Fig. 4c (see the ESI † for more details). According to the optimizations, the polymerized configuration is 1.2 eV more stable (per molecule) than the non-covalently bound (1 Â 3) superstructure.
In the experiments, the apparent height of the stripes is approximately 0.5 nm, i.e., 0.1 nm lower than the islands. DFT optimization calculations report heights of 0.75 nm and 0.61 nm for the islands and polymer stripes, respectively, in qualitative agreement with the experiments. The striped structure of the polymer from DFT calculations is shown as an overlay in Fig. 4d . Again, the agreement between the experiments and theory is good.
The favourable molecule-molecule distance for diacetylene polymerization has been identified to be in the range of 0.47-0.52 nm with an angle of 451 for the molecular axis with respect to the crystal translation, 10 which is perfectly matched in the molecular islands formed prior to annealing: the moleculemolecule distance along the [010] direction is 0.5 nm as indicated in Fig. 2b . Based on DFT calculations the resulting distance between the diacetylene moieties is 0.36 nm. Therefore, it appears that the self-assembly of 3BBA molecules on the calcite (10.4) surface produces ideal conditions for polymer chain formation along the [010] surface direction. The reported islands, as well as the stripes, are stable on the surface at room temperature for several days when stored in the UHV chamber. This is further evidence that the observed structural changes were, indeed, induced by the annealing procedure.
The observed clusters can be interpreted as by-products of the on-surface linking reaction. The molecules are obviously able to diffuse on the surface during the heating process and can, therefore, form a variety of reaction products. Moreover, the precursor arrangement favourable to initiate this topochemical reaction is obviously lost as soon as molecules start to diffuse. Consequently, a higher initial coverage -which reduces the molecules's mobilityshould lead to suppression of by-product formation and an increased yield for stripe formation.
Changes induced by irradiation
The above-described changes could also be induced by using irradiation with light from a mercury lamp instead of annealing. The full lamp spectrum was tested and also only a part of the spectrum, which was obtained by using a (302 AE 23) nm filter. Qualitatively the same results were obtained in both cases (see the ESI †).
Conclusions
In conclusion, we present evidence for diacetylene polymerization carried out on a bulk insulator surface. Using dynamic AFM operated under UHV, we show that 3,3 0 -(1,3-butadiyne-1,4-diyl)-bisbenzoic acid precursor molecules deposited on calcite (10.4) form ordered islands with a (1 Â 3) inner structure. Irradiation of the surface with a mercury lamp or annealing the substrate to 485 K results in a distinct change in the molecular structures. Besides the islands and newly formed clusters, now row-like structures exist on the surface that excellently match the expected polymer chains in appearance and repeat distance. Detailed DFT computations show that the molecular arrangement in the self-assembled islands is suitable for polymerization with an energy gain of 1.2 eV per diacetylene unit formed. It is expected that reducing the molecular mobility by increasing the coverage is beneficial for diacetylene polymerization, as this forces the molecules to stay in the island structure at elevated temperatures, which appears to be favourable for the topochemical reaction. This work provides experimental and theoretical evidence that the concept of diacetylene polymerization can be transferred to bulk insulator surfaces. This is pivotal for creating conductive polymer chains to connect functional molecular devices for future molecular electronics. 
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